The effect of relativity on the properties of the interhalogens ClF, BrF, BrCl, IF, IBr, and IBr is studied by comparing relativistic and nonrelativistic calculations. Bond lengths, harmonic frequencies, and dissociation energies show that the bond is weakened in the relativistic formalism. Relativity increases the electric dipole moment whereas the electric quadrupole moment and dipole polarizability display an irregular behavior. The relativistic contributions to the electric dipole and quadrupole moment of the iodine containing molecules are 10%-20% of the total value, whereas the contributions in the other molecules cannot be neglected. The value of the electric quadrupole moment is dominated by the relativistic contributions.
I. INTRODUCTION
In two previous papers, 1,2 hereafter called paper I and paper II, the influence of relativity and correlation effects on spectroscopic constants in the series X 2 and HX ͑with XϭF, Cl, Br, I, At͒ were studied. The methods used were HartreeFock ͑HF͒, second-order Mo "ller-Plesset perturbation theory ͑MP2͒, Configuration Interaction with Single and Double excitations ͑CISD͒, Coupled Cluster with Single and Double excitations ͑CCSD͒, and the latter method perturbatively corrected for the effect of triple excitations ͓CCSD͑T͔͒. This gives a range of correlation treatments, from no electron correlation in the HF method to a fairly high level of correlation in the CCSD͑T͒ method.
In this paper we complete the previous work with a study on the spectroscopic properties of the interhalogen series XY ͑with XϭF, Cl, Br, I͒. The influence of relativity and correlation on the spectroscopic properties are investigated at the correlated levels MP2, CCSD, and CCSD͑T͒. Hardly any previous theoretical work is available on the spectroscopic properties, but much theoretical work has been done on the electric dipole moments. In these calculations relativistic effects were disregarded or approximated neglecting the spinorbit interaction. Here we study the relativistic effects on the electric dipole and quadrupole moments and the dipole polarizability within a fully relativistic framework. Correlation effects for these properties are estimated by means of CISD calculations.
II. COMPUTATIONAL DETAILS
All calculations on the spectroscopic properties are performed using the MOLFDIR program package. 3, 4 The property integrals needed to calculate the expectation values of the electric properties are obtained from the HERMIT 5 part of the DIRAC 6 program. The dipole polarizibility is evaluated as a response property using the propagator method 7 within the Random Phase Approximation, 8 with an adapted version 9 of the relativistic coupled cluster code RELCCSD 10, 11 in MOLFDIR. A Gaussian distribution is used to represent the spatial extent of the nucleus in both the relativistic and the nonrelativistic calculations ͑for the exponents see Table I of paper II͒. The speed of light is taken to be 137.035 989 5 a.u. Basis sets for the halogens are described in paper II and will be denoted by apVDZ and apVTZ. In the MP2, CC, and CISD calculations the halogens are treated as seven valence electron atoms, correlating only the valence s and p electrons. In the correlated calculations of the spectroscopic properties the highest virtuals ͑with energies above ten atomic units͒ are left out. In the CISD calculations on the electric properties all virtuals are included.
All molecular calculations are performed using C 4v symmetry. The atomic calculations are carried out in O h . To prevent spurious discrepancies between the nonrelativistic and relativistic dissociation energies, we calculate both the nonrelativistic and the relativistic atomic asymptotes in a basis of spinors optimized for the average energy of the 5p 1/2 ) 2 5 p 3/2 ) 3 configuration.
Spectroscopic constants are obtained by fitting the potential energy curves to a fourth order polynomial in the internuclear distance. The electric properties are calculated at the experimental bond length. The quadrupole moment is computed relative to the center of mass of the molecule ͑con-sidered for this purpose as two spherical symmetric atoms, separated by the equilibrium bond distance͒ using the masses 18 We calculate the electric properties as an expectation value of the CISD wave function. Since the HellmannFeynman theorem is not fullfilled 13, 14 in a CISD calculation, our results will differ from a more rigorous energy derivative formulation. Kucharski et al. 15 compared these two approaches and found only small differences for the dipole moment of IF calculated with the MBPT͑4͒ method.
III. RESULTS AND DISCUSSION
The calculated spectroscopic properties for the six interhalogen molecules ClF, BrF, BrCl, IF, ICl, and IBr are presented in Table I-VI. In Table VIII -X the results of the electric property calculations for, respectively, the dipole moment, quadrupole moment, and static dipole polarizability, are given. In Table VII and XI the relativistic effects, defined as x ͑relativistic͒-x ͑nonrelativistic͒, on these properties are summarized.
A. Spectroscopic properties
The dissociation energy (D e ) shows a relativistic decrease for all interhalogen molecules. This decrease, arising from the spin-orbit coupling in the valence p shell, is also seen in the homonuclear diatomic molecules ͑see paper I͒. In these molecules the molecular spin-orbit coupling is almost completely quenched for elements up to iodine, while the atomic asymptotes are lowered for each atom by one-third of the 2 P atomic ground state splitting. Assuming complete quenching in the present series of molecules gives an estimated SO effect ͑hereafter called ASO only and given in Table VII͒ on the D e of one-third of the atomic spin-orbit splitting from both atoms.
Relativity destabilizes the molecular bond leading to a longer equilibrium bond length (r e ) and a decrease of the harmonic frequencies ( e ). This destabilization can be understood by looking at the molecular orbital formation by the valence p orbitals. The six atomic valence p orbitals combine to antibonding and bonding or molecular spin orbitals, The size of the relativistic effects is similar to that in the homonuclear diatomics in paper I. The magnitude of the Gaunt interaction correction for the interhalogens is small, which suggests that higher-order two-electron relativistic effects will be small as well.
We will now compare our results with experimental data after which a comparison will be made with the few available theoretical results. Our r e are longer than the experimental values, varying from less then 0.01 Å for the lighter to 0.05 Å for the heaviest molecules. The errors in the e are generally smaller than 10 cm
Ϫ1
. The D e values are systematically too low by 5 kcal/mol. However, for the iodine molecule we have shown 26 that extensive core-valence correlation and the addition of a g-type basis function reduces the r e with around 0.04 Å and increases the e and D e with 10 cm Ϫ1 and 5.5 kcal/mol, respectively. There are hardly any theoretical results available for the spectroscopic properties of the interhalogens. Straub and McLean 27 performed a systematic study on these molecules at the Hartree-Fock level within the nonrelativistic framework. Their findings are in close agreement with our nonrelativistic NR-HF results, except for IBr, where they had to use a basis set of lower quality due to the limited computational resources at the time.
For the ClF molecule we can compare our results with other theoretical work, the CISDϩQ calculations of Pettersson et al. 28 and the CPF calculations of Scharf and Ahlrichs, 29 both in a nonrelativistic framework. The results in these papers agree very well with our nonrelativistic correlated work. Balasubramanian 30 calculated the ICl molecule using averaged relativistic effective potentials ͑AREP͒, followed by CI calculations to include spin-orbit effects. We find large discrepancies between his results and the ones presented here.
B. Electric properties
In contrast to the spectroscopic properties, much theoretical attention has been given to the electric properties, especially to the dipole moment z . Most of the calculations are performed within a nonrelativistic framework, whereas in some calculations relativistic corrections are included either by the use of a Cowan-Griffin ͑CG͒ 31 or a Douglas-Kroll ͑DK͒ 32, 33 Hamiltonian, both without spin-orbit coupling.
Dipole moment
The electric dipole moment ( z ) presented in Table  VIII , shows a relativistic increase for all molecules. We find that the relativistic contribution becomes increasingly important when going to the heavier interhalogens. For the iodine containing molecules this contribution is 10%-20% of the total value. The increase of the electric dipole moment can be understood by considering that relativistic effects reduce the ionization potential especially for the heaviest atom in the molecule, which leads to a more ionic molecule. 34 Our relativistic correlated z overestimates the experimental values by 0.020-0.044 a.u., which is an error of 5%-9%. Our relativistic results ͑DC-HF͒ for the ClF molecule are similar to those of Sadlej 35 and Perera and Bartlett. 36 However, for the other molecules significant differences are found and these differences increase for heavier molecules. The smaller relativistic corrections of Sadlej and Perera and Bartlett ͑Table XI͒ are probably due to the absence of a spin-orbit interaction in the Cowan-Griffin Hamiltonian. Fowler et al. 37 included relativistic effects in their calculations on the BrCl molecule using the one-component form of the Douglas-Kroll approximation. Here the spin-orbit coupling is also neglected and the resulting relativistic effects are comparable to those of Sadlej and Perera and Bartlett.
In contrast to the results obtained for the other molecules, there are large differences between the DZ and TZ results of z for the iodine-containing molecules. This suggests that in comparison with the other atoms the basis sets for the iodine atom lacks the necessary flexibility to reproduce this property well. Our NR-HF results are in close agreement with those of Sadlej 35 and Perera and Bartlett. 36 For the three lightest molecules the results with the basis sets of Sadlej are comparable to our double zeta ͑DZ͒ results, whereas in the iodine-containing molecules they lie closer to the triple zeta ͑TZ͒ results. There are discrepancies between our results and those of Straub and McLean 27 and Kucharski et al., 15 which are probably caused by basis set deficiencies in these calculations. Fowler et al. 37, 38 performed calculations on the BrCl molecule and their nonrelativistic results are in close agreement with our data. Pettersson et al. 28 studied the ClF molecule, and their nonrelativistically calculated z is significantly lower than our value and that of the other authors.
Our correlation contributions are smaller than those of Sadlej 35 and Kucharski et al., 15 both using MBPT ͑4͒, and Perera and Bartlett, 36 using CCSD͑T͒. Pettersson et al. 28 included correlation contributions using CISD for the ClF mol- 
Quadrupole moment
We find large relativistic effects for the IF and ICl molecule. In the case of the IF molecule the relativistic effects dominate the magnitude of the ⌰ zz value and at the HF level of theory the sign is even reversed. The ⌰ zz of the two lightest molecules, ClF and BrF are within the wide error bars of the experimental data. Our relativistic contributions to the ⌰ zz differ considerably from those calculated by Sadlej 35 for all molecules, except the lightest, ClF. Sadlej found small relativistic effects for all molecules except for IBr, where our relativistic correction is only half of the correction calculated by Sadlej.
The ⌰ zz shows basis set dependencies for all molecules, except for the two lightest molecules ClF and BrF. On the other hand, the relativistic effects do not seem to be basis set dependent. The NR-HF results of Sadlej 35 for the three lighter systems are comparable to our apVDZ results, whereas those for the iodine-containing molecules lie closer to the apVTZ results. This trend is similar to the one found for the z . The results of Straub and McLean 27 for the first two molecules ClF and BrF are similar to our double zeta results, which is somewhat surprising because of the large discrepancies found for the dipole moments of these molecules. The BrCl and IBr results lie close to, or even below, the apVTZ values, whereas the results for the IF molecule show large deviations.
Not only the size but also the sign of the correlation corrections change when going from apVDZ to apVTZ quality basis sets. For the molecules BrCl, ICl and IBr, molecules with a large ⌰ zz , the sign of the corrections changes from negative to positive, yielding a larger ⌰ zz in the triple zeta calculation. The correlation contributions of Sadlej 35 do not show a systematic behavior either and differ from our corrections as well. More extensive correlated calculations and analysis of the correlation contributions are needed to get a better understanding of the correlation effects on this property.
Dipole polarizability
No experimental values are available for the ␣ zz . Significant relativistic effects are found for the four heaviest molecules BrCl, IF, ICl, and IBr, with the largest relativistic 37 as can be seen in Table  X . We have not performed correlated calculations. The results of Sadlej in Table X give small effects for most of the molecules.
C. Additivity
Our results for the spectroscopic properties r e and c in Table VII show that for all practical purposes the relativistic and the correlation effects in the studied interhalogens are additive contributions. Some small combined relativisticcorrelation contributions are seen for the ⌬D e . We also find a small combined effect of relativity and correlation for the z of the iodine-containing molecules. These effects are similar to those found by Perera and Bartlett. 35 The combined effect of relativity and correlation for the ⌰ zz is somewhat larger than what we observe in calculations on the z .
IV. CONCLUSIONS
The effect of relativity on the spectroscopic and electric properties of the interhalogens has been studied, comparing nonrelativistic with relativistic all-electron calculations. The effect of the Gaunt correction, the higher-order two-electron relativistic correction, is found to be negligible. The inclusion of relativity leads to a weakening of the bond, which results in an increase of the r e and a decrease of the e . This weaker bond is caused by an increase of the antibonding character of the occupied valence spin orbitals. The relativistic effect on the dissociation energy is primarily due to the lowering by spin-orbit splitting of the 2 P atomic asymptote. Relativistic effects increase the electric dipole moment ( z ) of the interhalogens. This effect is largest for the iodine-containing molecules, where an increase of 10%-20% is found. Similar relativistic corrections are found for the ⌰ zz . The electron correlation contribution decreases the z and is underestimated at the CISD level of theory. The relativistic effects on the electric quadrupole moment (⌰ zz ) are important but do not show a clear trend. We find that the value of ⌰ zz in IF is dominated by the relativistic contribution. Our DHF results for the ⌰ zz are in close agreement with other theoretical predictions, but the correlation contri- bution is not converged with the basis set size and shows an irregular behavior. Relativistic effects increase the dipole polarizability (␣ zz ), except for the IF molecule where a significant decrease is found. Our nonrelativistic results for the ␣ zz are in close agreement with the available theoretical results but considerable differences are found when relativistic effects are included in the calculation. For all practical purposes the relativistic and correlation effects on the spectroscopic properties yield additive contributions for the molecules studied here. However, the calculations on the electric dipole and quadrupole moment show somewhat larger deviations from additivity. 
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